Abstract. Debris flows in Great Britain have caused damage to transport infrastructure, buildings, and disruption 6 to businesses and communities. This study describes a GIS-based heuristic model developed by the British 7
Introduction 23
The term debris flow refers to the rapid downslope flow of poorly-sorted debris mixed with water (Ballantyne 24 
5
Digital Globe 2019) 6 7 Debris flows in Great Britain are most commonly found in upland Scotland but also in parts of Wales and the 8 Lake District, England. According to Nettleton et al. (2005) , Ballantyne (2004) , and Cruden (1996) The potential risk to people, business and properties outlined in the England and Wales Planning Policy 25
Guidance Note 14 (PPG14) and associated annexes (Department of the Environment 1990) were the main drivers 26 for the development of British Geological Survey's (BGS) slope instability datasets, including the current Debris 27
Flow Susceptibility Model (DFSM). Although this guidance was intended for England and Wales only, the 28 principles are relevant to Scotland as well (Jones and Lee 1994 guidance for planning. To overcome this limitation and respond to the needs of asset managers, decision-makers 1 and practitioners, a methodology was developed to assess debris flow susceptibility spatially at national scale. 2
The aim was to identify potential debris flow initiation areas and serve as an indication where further, more 3 detailed studies should be carried out. 4
Debris flow hazard assessment methodologies vary widely depending on the purpose of the analysis, the extent 5 of the study area and data availability. They are often divided into two phases 1) the identification of potential 6 sources or initiation areas and, 2) the estimation of the runout, the former being the focus of the present study. 7
While statistical models for potential source identification are based on extensive inventories of past events 8 (Blahut et al. 2010 , Carrara et al. 2008 ), deterministic approaches consider physical characteristics of the process 9
and are thus transferable to any site (Iovine et al. 2003) but are high data demanding and require calibration, which 10 makes them rarely feasible for national scale applications. Geographical Information System (GIS) based 11 statistical landslide susceptibility assessments are focused, more often than not, on the tool rather than the input 12 data, and do not distinguish between landslide type, resulting in an oversimplification of the landslide controlling Commission highlighted the fact that, even though an area may be designated as woodland, it is not always 2 completely planted and forest roads and firebreaks may increase the potential for debris flows. For this reason, 3 the fact that land use changes over time, and the scale to which the model was being developed, the authors 4 excluded land use from the model, focussing on the geological and morphological factors that contribute to debris 5 flow initiation. It is recommended that local knowledge and up to date, detailed land use information is used by 6 end users to support the modelling results. 7
Predisposing morphological and geological factors 8
For each of the factors that increase the likelihood of a debris flow occurring, a spatial dataset was created to 9 indicate where these factors were most and least prominent. These factors are described in the following sections. 10
Availability of Debris Material 11
Research on debris flows in Scotland has shown that failures are most likely on slopes mantled by regolith or material' is a geological deposit over, and within which, a soil develops (Lawley et al. 2009 ). Typically, the 22 parent material is the first recognisable geological deposit encountered when excavating beneath the soil layer. It 23 represents the very-near-surface geology. In general, the geological deposits closer to the ground surface are the 24 most weathered, whilst the deeper deposits are less so. Soil parent materials play a vital role in determining soil 25 type as their characteristics control three primary properties of their overlying soils: chemistry, texture and 26 permeability-porosity (drainage). The latter two are key controls of the propensity of a material to fail as a debris 27 flow. A GIS based logical decision-tree algorithm was developed, using expert knowledge, to determine the 28 propensity, on a scale from 1 (low susceptibility) to 10 (high susceptibility), of each soil-parent material to fail as 29 a debris flow. Thickness of material (and therefore source availability) was inferred by expert geologists through 30 this scoring process. The algorithm considered the substrate of the geological material (i.e. whether it was bedrock, 31 superficial or a surficial deposit), its origin (i.e. igneous, sedimentary or metamorphic) and the parent-materials 32 strength characteristics when weathered to produce a map showing the propensity for the parent material at any 33
given location, to fail as a debris flow (Fig. 4) . 34 Nat. Hazards Earth Syst. Sci. Discuss., https://doi.org/10.5194/nhess-2019-54 Manuscript under review for journal Nat. Hazards Earth Syst. Sci. determining whether a material was more or less susceptible to debris flow occurrence due to its hydrogeological 8 characteristics: a) the ability of water, as rainfall or overland flow, to infiltrate a potentially mobile deposit 9
(permeability of the deposit) and b) the ability of water to remain within the deposit to an extent where pore water 10 pressures can build to a level where the shear strength is sufficiently reduced to initiate failure (permeability of 11 the underlying material). 12 Nat If a potentially mobile deposit is permeable but the underlying deposit is of a more impermeable nature, 1 infiltration of water will be impeded and this can lead to an increase in pore water pressure, subsequent lowering 2 of shear strength and potential failure. Conversely, if the underling material is permeable, water flow will not be 3 impeded and a rapid increase in pore water pressures during an intense rainfall event is less likely. 4
In order to assess the geological factors controlling the hydrological conditions of the ground, BGS has 5 developed a national scale 'Geological Controls on infiltration dataset' (GCI) (Mee et al. 2016 ) for internal use. 6
This dataset gives an indication of how easily water can penetrate into the ground and describes whether: a) 7 infiltration is likely to be controlled by superficial or bedrock permeability, or both; and b) the infiltration 8 conditions are likely to be free draining, highly variable or poorly draining. 9
Infiltration rates are dependent on the thickness of any superficial deposits present, which in turn determines 10 whether infiltration is primarily controlled by the permeability of the bedrock or the superficial layers, or a 11 combination of the two. The GCI dataset is based partly on the methodology used to create the 'drainage' layer 12 of the Infiltration Sustainable Drainage Systems (SuDS) GIS dataset, where superficial and bedrock lithologies Nat angle for debris flow initiation is between 46 -50°, since above this gradient, debris can no longer accumulate. 12
Using the information acquired in previous studies and observations, Table 2 derived from the NEXTMap TM data was used. Flow direction, flow accumulation and network were modelled 17 using the archyrdo tool in ArcGIS ESRI. An excerpt of the slope dataset (with stream channels) and the associated 18 scores are shown in Table 2 and Fig. 6 respectively. 19 Table 2 .
4
The NEXTMap TM Britain data that was used in the slope and channel assessment is an elevation product 5 generated by Intermap Technologies in 2005 using an X-band interferrometric synthetic aperture radar system 6 (IFSAR) mounted on an airborne platform. The original Digital Elevation Model (DEM) contains all artefact 7 features such as buildings and wooded areas. The algorithms that were employed to produce the Digital Terrain 8
Model (DTM) were generally very effective. However, some areas of woodland, particularly those on slopes, are 9 identified as areas of higher declivity than in reality, and thus negatively influence the modelling output at those 10 locations. The same applies to steep sided edges of quarries and coastal features (Fig. 7) . Although these issues 11 result in localised modelling errors, the NEXTMap TM DTM is considered to be, in general, an accurate dataset. 12
Most importantly, it provided a continuous coverage of Great Britain and was deemed to have the best available 13 and accessible data at the time of production. 14 Nat. Hazards Earth Syst. Sci. Discuss., https://doi.org/10.5194/nhess-2019-54 Manuscript under review for journal Nat. Hazards Earth Syst. Sci. (Fig. 8b) . 9 10 In order to reflect the impact of ice scouring on reducing the likelihood of debris flows in affected areas of 11
North West Scotland, the BGS Quaternary Domain Map (Booth et al., 2012 ) is used (Fig. 8a) . Herein, the 'ice-12 scoured montane' domain is defined as largely devoid of superficial deposits and having experienced severe, 13 Nat. Hazards Earth Syst. Sci. Discuss., https://doi.org/10.5194/nhess-2019-54 Manuscript under review for journal Nat. Hazards Earth Syst. Sci. widespread glacial erosion resulting in very thin or non-existent soil with minimal occurrence of deeply weathered 1 bedrock. It can be expected that in these areas, there is less material available for debris flows to occur. To ensure 2 that the areal extent of this dataset matched the resolution and extent of the more modern BGS data being included 3 in the model, aerial imagery interpretation and expert judgment were employed to produce a more spatially and 4 geologically accurate, rather than cartographic, 'ice-scoured montane' domain output (Fig. 9) . 
Model application 9
Having identified, created and classified the datasets that reflect the geological and morphological factors 10 increasing the likelihood of debris flow occurrence based on a ten-point scoring scale, the next step was to combine 11 them based on their relative importance. Each dataset was converted into raster format using a 50 m cell size and 12 applying the maximum value rule, whereby the cell's value reflects the maximum value of the data it overlaid, 13 irrespective of size of coverage within that cell. Expert opinion amongst the team of geologists developing the 14 model determined 'availability of debris' and 'slope' as the two most important and thus dominant factors, with 15 geological controls on infiltration being relatively less important for potential debris flow initiation. To convey 16 this, the model generated a product of the 'availability of debris material' and 'slope' factors and then added the 17 permeability score (Equation 1 ). This means that, in order to be assigned a high susceptibility base score, a pixel 18 must have a high score for availability of debris material as well as slope angle. Where two pixels have the same 19 multiplied value, the permeability score is used to further differentiate between them (Eq. (1)). Conversely, if, for 20 example, permeability scored a maximum value without a significant slope or available material score, a debris 21 flow is unlikely to be initiated. 22 
23
Susceptibility Base Score = (Debris Material Score × Slope Angle Score ) + Permeability Score (Eq. 1) 24 
25
Nat Once the debris flow susceptibility base score was determined for each pixel using Equation 1, the ice scoured 1 montane domain mask was applied to the resulting map. The values of those pixels within the ice scoured montane 2 domain were divided by three to reduce their influence in the overall model; this value was selected after some 3 trial and error and comparison against known areas of debris flow occurrence. Table 3 indicates the categories 4 used to classify the final debris flow susceptibility scores into five classes, A to E, and their associated description. 5
In order to define the class boundaries, two experts independently assigned boundaries by assessing all possible 6 combinations produced by the components (parent material, slope and permeability) and their scorings (1-10). 7
They then came together to discuss the decisions that they had made and using scenarios (i.e. thinking about where 8 you might find a location where the potential for the parent material to fail was scored as 4, but slope was a 10 9
and permeability was a 10) came to a consensus on where the final A-E class boundaries should be placed. 10 11 
12

Score
Legend Interpretation Description 0 -10.99 A Debris flows are not thought to occur. This is due to a lack of available slope materials, high drainage rates or low slope angle.
Debris flows are not thought to occur 11 -32.99 B Debris flows are not likely to occur. This is either due to a limited availability slope materials, sufficient drainage rates or low slope angles. Debris flows are probably present or have occurred in the past 65 -110 E Debris flows are highly likely to be present. The heightened combinations of steep slopes, poor drainage conditions and the presence of available material suggest that debris flows are highly likely to be present at these sites.
Debris flows are highly likely to be present
Results and discussion 13
The resultant debris flow susceptibility map for Great Britain (Fig. 9 ) is a 50 m raster based GIS dataset which 14 provides information on the potential for debris flow initiation at a given location (Bee et The ROC curve is a tool frequently used in statistical approaches to indicate the general reliability of a 10 geographical prediction map (Chung and Another source of errors stemming from the input data is the presence of artefacts in the DTM model (Fig. 7) . 3 It is recognised that the NEXTMap TM elevation model does not always accurately represent the ground surface 4 and produces erroneous elevation data in given locations. This occurs because of the oblique way in which 5
NEXTMap
TM data are collected. Examples of this include the coast, verges of dense stands of trees and large 6 structures such as warehouses or extensive stretches of seawall. As a result, debris flow susceptibility values are 7 therefore likely to be overestimated in these areas. In addition to the artefacts, the spatial resolution of the DTM 8 was resampled to a coarser resolution (from 5 m to 50 m) to ensure consistency between spatial datasets. For this 9 reason, the model is not able to reproduce the detailed morphology that could potentially result in a more accurate 10 model. However, a finer resolution national scale DTM is expected to be available to BGS in the near future and 11 its effect on the current modelling results will be assessed. 12
Although heuristic methods introduce uncertainty in model parameters and outputs, similar approaches were 13 used at the national scale in other study areas and they suggested that, for the most part, the results were 14 reproducible. For this study, the heuristic approach was deemed to be the most appropriate for the scale of analysis, 15 data availability and efficient use of peer reviewed studies, expert geologists and geomorphologists at BGS. Such 16 models offer useful insights to national infrastructure companies when prioritising remediation work to increase 17 infrastructure resilience from the threat of such hazards. 18
Conclusions
19
The debris flow susceptibility model for Great Britain is a 50 m raster based GIS dataset which provides 20 information on the potential of the ground, at a given location, to form a debris flow based on a five point scale 21 from A (debris flows are not thought to occur) to E (debris flows are highly likely to be present). The conceptualization, investigation, data curation, formal analysis, methodology development and providing 7 technical expertise to develop the product in GIS. She also the lead in writing this manuscript. CD and CP were 8 responsible for conceptualization, investigation, formal analysis, methodology development and providing 9 scientific expertise to underpin development of the product in GIS. They also helped write the manuscript. RC 10 was responsible for statistical validation of the product, reviewing the methodology and reviewing and editing the 11 manuscript, including writing original text within the validation section. KL supported the research in a 12 supervisory capacity, providing consultative geological expertise during model development. All authors 13 discussed the results and contributed to the final manuscript. 14 Entwistle, Vanessa Banks, Geraldine Wildman, Katherine Royse and Helen Reeves. Whilst every effort has been 23 made to ensure the accuracy of the material in this paper, the authors will not be liable for any loss or damages 24 incurred through the use of this paper. 
